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热休克蛋白 90(Heat shock protein 90，Hsp90)在肿瘤细胞中的表达量高




衍生物 17DMAG，IPI-504 等作为抗肿瘤药物已进入临床 II 期，Hsp90 抑制
剂已成为抗肿瘤药物先导化合物的重要来源。 
真菌环氧二烯烟酸类衍生物，简称 4-NDM，是从本实验室早期分离自
海洋微生物 Diaporthe phaseolorum HLY2 菌株中的结构新颖，且具有较强抗
肿瘤活性的天然产物 MED 出发，以 Hsp90 为分子靶点，通过分子模拟设计
合成的。  
本论文通过流式细胞术、免疫荧光、Western blot、分子克隆等方法，研
究 4-NDM 的抗肿瘤作用及其诱导 HeLa 细胞凋亡的作用机制尤其是与
Hsp90 客户蛋白相关的分子机制。通过以上研究得到以下结果： 
1）4-NDM 具有较强的抑制肿瘤细胞增殖活性，其对 HL60 和 HeLa 的
IC50值可达 3.44 μM和 4.83 μM，作用 24 h后肿瘤细胞形态发生凋亡状改变，
表现为细胞变圆并从培养皿底脱离，细胞核发生固缩，染色质断裂、聚集。 
2）经过凋亡分析表明 4-NDM 可诱导 HeLa 细胞发生 caspase 依赖的线
粒体凋亡途径，其中包括诱导 Bcl-2 家族的抗凋亡蛋白 Bcl-2、Bcl-xL 表达
量下调，促凋亡蛋白 Bad 表达量上调，Bax 发生胞浆-线粒体定位，线粒体
膜电位下降以及细胞色素 C 的释放，胞内活性氧水平上调。 
3）4-NDM 在细胞水平上对多种肿瘤细胞中 Hsp90 具有较强的抑制作用，
表现在下调 Akt、IKK、Raf-1、AhR 等客户蛋白的表达水平。4-NDM 引起
Akt 的降解，可被蛋白酶体抑制剂 MG-132 解除；而 IKKα 的降解可被和自
噬抑制剂 3-MA 抑制。 


















凋亡蛋白 XIAP 表达量下调，从而引起细胞凋亡。 
5）4-NDM 作用 6 h 即诱导 HeLa 细胞发生自噬，表现为胞内酸性点状
物聚集增加，自噬标志蛋白 LC3 的变化表现为 12 h 前 LC3-I 表达量增加，
12 h 后 LC3-I 逐渐转变为 LC3-II，与 rapamycin 的作用类似。 
 
根据上述结果得到以下研究结论（1）4-NDM 具有较强的抗肿瘤活性，
可诱导 HeLa 细胞发生 caspase 依赖的凋亡。（2）4-NDM 对 Hsp90 具有明显
的抑制作用，通过抑制 Hsp90 导致相关客户蛋白降解，进而导致肿瘤细胞
存活信号通路的抑制，并激活凋亡信号通路，从而发挥其抗肿瘤作用。（3）
4-NDM 可抑制 Akt 的激活。（4）4-NDM 是 TNF-α/NF-κB 信号通路的阻断
剂，可以抑制 TNF-α 诱导下 RelA/p65 的入核。（5）4-NDM 在诱导凋亡的同























Hsp90 is a potent molecular target in targeted cancer therapy which has 
been focused for years. Hsp90 is highly expressed in tumor cells, which is 
involved in facilitating maturation and maintaining stability of a wide variety of 
proteins, many of which are involved in regulating essential cellular processes 
such as cell cycle, migration, angiogenesis, apoptosis etc. So targeting Hsp90 is 
expected to be a multi-effitient method for targeted cancer therapy. Some of the 
Hsp90’s small molecular inhibitors have gained intensified study, such as 
benzoquinone ansamycin geldanamycin(GA) and its derivatives 17DMAG and 
IPI-504 already entered phase II clinical trial. Therefor Hsp90 inhibitor has been 
recognized as an important resource for sceening anti-tumor drug candidates. 
The molecular formula of 4-NDM is C19H19NO4 , which is featured by 
6-[(1R,6S,7R,8S)-8-methyl-9-oxabicyclo[4.2.1]-9-2,4-diene]-5-(pyridine 
-4-o)-5,6- 2 h-pyran -2-ketone. 4-NDM is abbreviated by 4-nicotinoid derivative 
of Mycoepoxydene which was a novel structural compound isolated from a 
marine fungus belonging to Diaporthe phaseolorum named by HLY2 in the year 
2002. The precious study indicated that MED held a potent anti-tumor cell 
property and could induce apoptosis in many tumor cell types including HeLa, 
MDB-435 etc. In the follow-up mechanism research, we found that MED 
treatment induced many Hsp90 client proteins such as Akt, Raf-1, IKK, Aht 
downregulation similar to the effects of GA. So based on the data collected, we 
took advantage of molecule modeling technique to design several MED 
derivatives. 4-NDM was proved to be the most promising one with the best 
cytotoxicity that the IC50 of 4-NDM was down to 1/4 of MED in HeLa cell and a 
better Hsp90 inhibition activity than that of MED in vitro. 
So based on the competent antitumor and in vitro Hsp90 inhibition 
performance of 4-NDM, we proceeded to study the signal pathway via which 

















The results are as follows: 
1) 4-NDM holds a competent anti-tumor cell proliferation activity that the 
IC50 of HL60 and HeLa are 3.44 μM and 4.83μM respectly. 24 h after 4-NDM 
treatment, tumor cells turn round, detach from the botom of the plate. HeLa cells 
are experienced blebbing, cell shrinkage, nuclear fragmentation, chromatin 
condensation, and chromosomal DNA fragmentation. 
2) 4-NDM induces typically intrinsic, caspase-dependent apoptosis in HeLa 
cells during which Bcl-2, Bcl-xL down-regulated, Bad up-regulated, Bax 
processed cytosol to mitochondria traslocation that led to MMP down-regulation 
and ROS up-regulation. 
3) 4-NDM exhibited good in vivo Hsp90 inhibition competency in many 
tumor cell lines. Hsp90/clients complex dissociation occurred after 1 h of 
4-NDM treatment which led to its clients such as Akt, IKK, Raf-1, AhR 
down-regulation. 
4) 4-NDM rescued Bad from inhibiton by Akt phosphorylation via blocking 
PI3K/Akt pathway and prevented p65 activation and down-regulated XIAP via 
blocking IKK/IκBα/NF-κB pathway that activated apoptosis in HeLa cells. 
5) 4-NDM induced Akt and IKKα down-regulation through promotion of 
protein degradation. Akt degraded via unbiquitin-proteasome pathway while 
IKKα through autophagy-lysosome pathway. 
6) Autophagy occurred after 6 h of 4-NDM treatment which represented by 
accumulation of autophagosomes, transformation of LC3-I to LC3-II after 12 h. 
Compared to rapamycin, 4-NDM possessed a more potent autophagy induction 
efficacy. 
We concludes from the above results that: (1)4-NDM is a potent anti-tumor 
candidate which can induce caspase-dependent intrinsic apoptosis 
pathway.(2)4-NDM holds strong Hsp90 inhibitor activity represented by its 
promotion of client protein degradation and blockage of downstream signal 
transduction pathways that translated into apoptosis in tumor cells.(3)4-NDM 

















position.(4)4-NDM inhibits TNF-α/NF-κB pathway.(5)Autophagy emerges 
concomitantly with apoptosis after 4-NDM treatment. 
The significance of our study is that it both enhances the basic research and 
facilitates the development progress of anti-tumor drug candidates of the 
independent intellectual property rights. In addition, our study advances the 
mechanism study of small molecular Hsp90 inhibitors thus provides reference for 
the Hsp90 inhibitor research and development. 
  


















缩写  全称(英文 ) 全称(中文 ) 
Aha 1 activator of Hsp90 ATPase Hsp90 ATP 酶的催化剂  
APS ammonium persulfate 过硫酸氨  
AR androgen receptor 雄激素受体 
ATP adenosine 5′-triphosphate 三磷酸腺苷 
Bad 
Bcl-2/Bcl-XL-antagonist， 







BSA bovine serum albu min 牛血清白蛋白 
Cdks cyclin dependent kinases 周期蛋白依赖性激酶 
Chip 




cIAP cellular inhibitor of apoptosis 细胞凋亡抑制蛋白 
DMEM 
Dulbecco′s modified 
of Eagle′s medium 
一种细胞培养液 
ECL enhanced chemilu minescent 免疫印迹化学发光 





FITC fluoresceine isothiocyanate 异硫氰酸荧光素 
Flt-3 FMS-like tyrosine kinase-3 FMS 样的酪氨酸激酶-3 



























Grp94 glucose-regulated protein 94 葡萄糖调节蛋白 94 
HER2 
human epidermal growth 
factor receptor 2 
人表皮生长因子受体 2 
HIF-1 hypoxia-inducible factor-1 低氧诱导因子-1 
Hip Hsp70 interacting protein Hsp70 相互作用蛋白 
Hop Hsp organizing protein Hsp 组织蛋白 






MEF mouse embryonic fibroblast 小鼠胚胎纤维原细胞 

















ROS reactive oxygen species 活性氧自由基 
Sti1 stress-inducible protein 1 胁迫诱导蛋白 1 
shRNA small hairpin RNA 小片段发夹结构 RNA 
TNF-α tumor necrosis factor-α 肿瘤坏死因子-α 
TPR tetratrico peptide repeat 三四氨基酸重复（基序） 
Trap1 
tumor necrosis factor 
receptor-associated protein 1 
肿瘤坏死因子相关蛋白 1 
VFGF 
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